Introduction {#s1}
============

Somatosensation, the set of sensory abilities mediating body sensation, comprises of the submodalities: mechanoreception, thermoception, nociception and proprioception, which are together responsible for sensing heat, cold, stretch, pressure, pain and body position.^[@R1]^ Although it is believed that peripheral stimuli are detected with the help of receptors, transduced into action potentials and conveyed to the central nervous system (CNS), recent studies suggest that even non-neuronal cells could be directly involved in somatosensation.^[@R2]^

Recently, there has been a flurry of research about molecules, enzymes, proteins, lipids involved in somatosensation. Especially, with the help of ion channels several somatosensory modalities are sensed; examples of ion channels include, but are not restricted to transient receptor potential (TRP) proteins, degenerins (DEG/MEC), acid sensing ion channels etc (ASICs). Current advances in vision research have also identified these somatosensory enzymes, molecules and channels to be present in the visual pathway and surprisingly in eyes and photoreceptors too (For example, myosin VIIa, integrins).

The links between somatosensation and vision have been well authenticated.^[@R3]^ Expression of J1-and J3-crystallin genes and PaxB mRNA (messenger Ribose nucleic acid) in Tripedalia statocysts, close association of the atonal family of genes in photosensation and mechanosensation,^[@R4]^ proteins like myosin IIIA, harmonin, Norrin-Frizzled-4 (a presumptive Wnt receptor), the human Choroideremia gene, transcription factors atonal/Math1, which are associated with vision and hearing in humans reinforce the evolutionary relationship between mechanosensation and vision.^[@R5]^ Thermal stimulation of the skin thermoreceptors results in a decrease in the mobilization level of the rods of the retina^[@R6]^ and exposing a subject to illumination results in decreased mobilization of cold receptors in the skin.^[@R7]^ This functional connection between the optic receptors and thermoreceptors further strengthens the link between somatosensation and vision.

What if there was more to somatosensation and vision than just the links between them? Could somatosensation have a fundamental role in vision? What if each of the somatosensory submodalities was debilitated and the impact on vision studied?

Here, we analyze the significant contribution of somatosensory tools to vision. We consider how the absence of somatosensory modalities impairs vision, how photoreceptors themselves are affected by modified somatosensation, how somatosensory ion channels, molecules, proteins, somatic afferents and efferents are pivotal to vision and visual perception.

Vision without mechanoreception {#s2}
===============================

The cells in the human body are subject to mechanical pressure and forces which are sensed and transduced into signals that elicit the appropriate response. These mechanical cues are sensed with the help of mechanically gated channels and mechanoreceptors (hair cells in the cochlea and cutaneous mechanoreceptors).^[@R1],[@R2]^ Lowthreshold mechanoreceptors respond to benign touch. When impaired or altered, they could be debilitating, even in case of vision.

The mechanoreceptive Mueller muscles in the eyelid are found to be essential for the contraction of the levator muscles against the weight of the eyelid so that an adequate visual field is maintained.^[@R8]^ Cornea of rabbits, and cornea, sclera, bulbar conjunctiva, and uvea of cats, consist of elements that respond to mechanical stimuli specifically.^[@R9]^ Altered mechanoreception in the human trabecular meshwork (HTM) cells increases the intraocular pressure (IOP). Increased oxidative stress inhibits proteosome activity and causes elevated apoptosis. Mechanical stretch, biophysical cues such as cell-cell and cell-matrix interactions control transcription and cause splicing of several mRNAs, and thereby, alter signal transduction, the expression of numerous genes, proteins and matrix metallo proteases (MMPs), remodel and change the composition of the HTM extra-cellular matrix(ECM). These factors in turn modulate the aqueous humour outflow causing glaucoma.^[@R10]--[@R12]^

Factors such as eyeball shape, relative positions of the eye's surfaces and the perfusion pressure in the eye are influenced by IOP. Apart from causing glaucoma, elevated IOP could modify mechanoreception, causing corneal oedema, iris ischemia, lens opacity, also affecting the retinal circulation. Afferent mechanoreception has been found to exist at the sclera spur and the anterior uvea in the eye.^[@R13]^

Retinal ganglionic cell (RGC) apoptosis, is caused by elevated hydrostatic pressure and change in mechanical cues at the lamina cribosa in the eye, which deprives nutritional and structural support to the RGCs and affects axonal transport. Increased mechanical strain on the myofibroblasts of the eye, causes scleral remodelling, affects the mechanotransduction pathway, alters the expression of a multitude of genes, protein kinases, cell receptors, transcription factors and reduces scleral resistance to expansion due to increased IOP resulting in axial myopia.^[@R11]^

Retinal angiogenesis *in vivo* is controlled by a pathway affected by ECM elasticity. These biomechanical cues also affect their sensitivity to chemicals. Changes in ECM elasticity, adhesivity or topography, mechanical stresses, cell-generated traction forces change capillary cell shape and function, stimulate expression of growth factors (like VEGFR2), capillary growth and vascular remodelling *in vivo*.^[@R14]^

Mechanosensitive (MS) channels in photoreception {#s3}
================================================

Somatosensory signals are translated by neurons into action potentials, which activate mechanoreceptive nerve endings. The mechanical stimuli at these endings, in turn, open mechanosensitive channels, which convert the mechanical forces to electrical and chemical stimuli and cause depolarization of the terminal. The MS channels are activated by many mechanisms such as membrane bilayer mechanics, stretch of the membrane, fluid shear stress, physical coupling through tethers, osmotic variation, amphipathic compounds, cytoskeletal cues, conformational change in proteins, and by second messengers generated by MS enzymes or receptors. In the following paragraphs, we highlight their significance in our eyes, specifically in photoreception.

Transient Receptor Potential (TRP) channels {#s4}
===========================================

The TRP family of cation channels has been found to function in sensory processes such as touch, proprioception, osmosensation, hearing and a variety of other physiological processes such as cell volume regulation and ion homeostasis.^[@R15],[@R16]^

The founding member of the TRP family, the drosophila TRP (dTRP) has been found in the eye photoreceptor and is essential for mediating phototransduction.^[@R16]^ Here, several proteins are clustered together to form a huge signalplex for proper localization of all the components and the TRP channels are closed for the efficient termination of the phototransduction pathway, when the illumination of the photoreceptor cells stops. These channels are associated with the actomyosin cytoskeleton through the scaffold protein INAD (inactivation no afterpotential D), which is the central component of the signalplex and it is these mechanical cues from the cytoskeleton, that are responsible for the movement and activity of the TRP channels in the cells.^[@R17],[@R18]^

Recent evidence suggests that not only channel closure, but, the opening of dTRP channels may also be governed by mechanical stimulation, i.e., by lipid binding mechanics during the direct binding of lipids to the channels or by a stretch in the microvillar membrane due to increase in the concentration of these lipids in response to light stimulation subsequently followed by a change in the structure of the signalplex.^[@R19]^

A detailed examination of the pathway, thus, accentuates on the dependence of the phototransduction pathway on mechanical cues from the actomyosin cytoskeleton and instigates the thought that the TRP channels in the drosophila eye could be mechanoreceptive. However, further research needs to be carried out to completely understand the interaction between the cytoskeleton and TRP channels, the mechanism of activation of TRP channels and to find out if the Drosophila TRP channels themselves are somatosensory in nature.

The association of TRP channels with the actomyosin cytoskeleton, directly or indirectly (through macromolecular complexes), has also been observed in mammals. Similarly, the molecular coordination and light-induced protein translocation evident in the Drosophila signalplex is also reflected in the rim of vertebrate photoreceptors.^[@R20]^ Future work could tell us whether these biochemical characteristics of the phototransduction pathway and the dependence of the pathway on mechanical cues could be extended to human eyes too.

Mechanosensory abnormal/degenerins (MEC/DEG) and sodium (NaC) channels {#s5}
======================================================================

MEC/DEG and NaC are a family of constituently active cationic MS channels with diverse functions. These mechanosensors have also been found in the eyes. Amphioxus, which is closely related to the vertebrates, consists of four rows of cells in its frontal eye. The MS sodium channel, AmphiNaC, is expressed in two symmetrical cells in the first two rows (considered as photoreceptors) of the frontal eyes. The paired eyes of the vertebrates have been found to be similar to the amphioxus frontal eyes. Hence, the presence and role of similar MS channels in vertebrate photoreceptors, if any, needs to be investigated.^[@R21]^

Another group of MS channels called the ASICs, belonging to H+-gated subgroup of the DEG/ENaC family have been found to function in the rodent retina and photoreceptors.^[@R21]^ In the retina, acidic transients activate these MS channels and tune visual perception. ASIC1 positively modulates cone phototransduction and adaptation. Inactivation of ASIC2, a negative modulator of rod phototransduction, results in light-induced retinal degeneration.^[@R22]^ Hence, the MS channels are necessary to maintain the integrity of the retina and their impairment could lead to substantial visual loss. The rodent retina has also been found to harbour the MS epithelial sodium channels (ENaC), although their role in photoreception remains to be proved.^[@R23]^

Vision without MS channels TREK and TRAAK {#s6}
=========================================

MS channels TRAAK (found in the retinal neurons and outer photoreceptor layer(OPE)), TREK-1, TREK-2, and K+ inward rectifying (Kir) channels have been found to be functional in the eye. Removal or impairment of these channels affects osmotic regulation, glial cell homeostasis, destabilizes the membrane potential of Muller cells and affects K+ clearance in the retina.^[@R24]^ Defective TRAAK mechanosensitivity affects reception and integration of synaptic signals and neuron survival.^[@R25]^ Defects in MS volume regulated outwardly rectifying chloride channels affect the clarity of the ocular medium and aqueous humour outflow in mammalian corneal epithelium and trabecular meshwork (TM) cells.^[@R9]^ [Table 1](#tbl_1){ref-type="table"} summarises somatosemsory channels in the eyes.

Vision without thermoception {#s7}
============================

Thermoception, the process of sensing the presence or absence of heat (coldness) in the vicinity, takes place with help of temperature-gated channels (like the TRP channels) and thermoreceptors, generally present in the skin. However, functional thermoreceptors have also been found in the face and eyes. Different thermosensitive fibres encode a wide range of temperatures.^[@R2]^

Ocular areas exposed to external temperature changes (such as, cornea, limbus) are filled with cold-activated thermosensors which detect external temperature variations. Cold-sensory fibres (Aδ or C) with spotlike receptive fields are distributed throughout the surface of the eye, with higher density in the perilimbal episclera and the posterior segment, and their functions are similar to thermosensors found in other parts of the body, which accentuates on their importance in vision. Reduction in ocular blood flow causes temperature variations and activates these receptors which may be responsible for thermosensation in the eye and face and in blinking due to ocular surface evaporation. These thermosensors have low mechanical sensitivity, may signal blood flow variations and help regulate regional temperature and blood flow. Their impairment could lead to loss of useful information and affects retinal function and vision.^[@R26]^

###### A summary of somatosensory channels in the eyes

  Channels involved in somatosensati on            Presence in tissue or organ (related to vision)                   Associated pathology or physiology
  ------------------------------------------------ ----------------------------------------------------------------- -----------------------------------------------------------------------------------------------------
  NOMPC                                            Drosophila                                                        Proprioception touch and
  (TRPN)                                           compound eye bristles                                             audition
  dTRP                                             Drosophila eye                                                    Mechanotransduction in photoreception ?
  TRPML3                                           Retina cells                                                      Maturation. (mechanosensory role ?)
  TRPP3                                            Retina                                                            Retinal (mechanosensory role?) and hair cell development
  ASIC2                                            Eye neurons and photoreceptors                                    Negative modulation of rod phototransduction
  ASIC1a                                           cones                                                             Positive modulation of phototransduction, inactivation can cause light-induced retinal degeneration
  ASIC3, ASIC4                                     retina                                                            Mechanosensation & nociception?
  ASIC2b                                           retina                                                            Modulation of ASIC3 & ASIC2a
  AmphiNaC                                         Amphioxus frontal eyes                                            ?
  ENaC                                             Retina photoreceptors                                             Mechanotransduction in photoreception?
  TRAAK                                            RGC axons, OPE, retina                                            Osmotic regulation, cell homeostasis, K+ clearance, synaptic transmission
  TREK-1, TREK-2                                   eyes                                                              Osmotic regulation, cell homeostasis, K+ clearance
  Outward rectifying chloride channels             Corneal epithelium, TM cells                                      Ocular medium clarity and aqueous humour outflow maintenance
  P2X3, P2X7 & P2X5                                Rat retina                                                        Mechanotransduction in photoreception?
  P2X2, P2X4                                       Rat retina & choroid                                              Mechanotransduction in photoreception?
  Unclassified Stretch activated channels (SACs)   Human retinal muller cells, TM cells, choroid plexus epithelium   Mechanotransdcution?
  CAT-50                                           Frog lens                                                         Mechanotransdcution

Mutations in a recently identified gene hclA coding for an ionotrophic histamine receptor subunit in Drosophila melanogaster, leads to defects in the visual system, neurologic disorders and changed responsiveness to neurotoxins.^[@R27]^ The same gene is considered to be a potential player in thermosensation too.^[@R28]^

Vision without nociception {#s8}
==========================

Nociception, the neural process by which we sense harmful stimuli, is initiated by pain receptors which detect chemical, mechanical and thermal stimuli above a certain threshold and send signals to the brain and spinal cord. They are found mostly in the skin and to a lesser extent in the internal surfaces such as, periosteum and joint surfaces.

It is a little known fact that cornea is the most densely innervated tissue in the body, with four types of nociceptors innervating its epithelium. Mechano-nociceptors respond to sharp mechanical forces acting on the cornea and protect it from injury.

Polymodal nociceptors help sustain the pain caused by harmful high threshold mechanical, chemical and thermal stimuli. Cold nociceptors detect low temperatures and mediate cooling sensations. Silent nociceptors respond to local inflammation and chemical stimuli. Without these nociceptors, integrity of the ocular surface would be lost and corneal wound healing may not be possible. The nociceptors are distributed homogeneously throughout the cornea and their density is a measure of corneal sensitivity.^[@R29]^ They are important for a healthy cornea and their loss will lead to 'dry eye' which could decrease the corneal sensitivity or erode its epithelium. Their loss could result in irreparable damage to the cornea, eventually resulting in blindness.^[@R30]^

Mechano, polymodal and cold nociceptors are also functional in the episclera, sclera, bulbar conjunctiva, iris and in the ciliary body. Damage to the nociceptive nerves, as in the case of a surgery, could affect their threshold level, sensitivity, and they may become hypoaesthetic or even anaesthetic, depending on the type and extent of damage. The subject may have decreased lacrimal secretion and may experience acute or chronic pain of variable duration.^[@R31]^

Vision without proprioception {#s9}
=============================

Sensory receptors in the inner ear (labyrinth receptors), muscles (Muscle spindle), tendons (golgi tendon), joints inform us about motion or relative position of our body or body parts by responding to stimuli arising internally. These receptors are called proprioceptors and the process is called proprioception.

Proprioceptors play a crucial role in vision and visually guided behaviour. Proprioceptive inputs are necessary for oculomotor control, maintenance of binocular vision and spatial localization. In animals, experimental removal of these inputs led to deterioration in depth perception, affected fixation stability and ocular alignment, caused deviation of eye position, modified eye movements and optokinetic responses, and altered the vestibulo-ocular reflex (VOR) and the vestibulocollic reflex.^[@R32],[@R33]^

In an experiment involving hooded rats, albino rats, and dystrophic and non-dystrophic Royal college of surgeon (RCS) rats, it was observed that dystrophic RCS rats alone failed to orient themselves to a visual stimulus and spent less time under the dark while compared to others, when placed under different illumination levels. The somatosensory defect also prevented the dystrophic RCS rats from reaching criterion levels in the visual discrimination test, reflecting the effect of proprioceptive loss on vision.^[@R34]^

Proprioception influences human vision too. Altered proprioception modifies ocular alignment, static eye position as well as eye movements such as saccades and smooth pursuit.^[@R35]^ Modified extra ocular muscle (EOM) proprioception affects visuomotor behaviour and may be a factor in the cause and treatment of eye ailments like strabismus and nystagmus.^[@R32],[@R33]^ Signals from EOM proprioceptors are involved in constructing the registered direction of gaze and vision, and in visual information processing in the brain. They are also associated with the development of visual properties of the visual cortex neurons such as stereoacuity and orientation selectivity.^[@R32]^

Recently, it has been proved that proprioceptive inputs during passive eye movements play a significant role in the reduction of perceived motion smear, disproving previous notions of negligible proprioceptive contribution to extra-retinal information and clarity.^[@R36]^ Disturbing the proprioceptive input from the innervated myotendinous cylinders (IMCs) in the EOMs leads to oculomotor disorder and interferes with normal binocular vision and spatial localization.^[@R37]^ Proprioceptive inputs have also been found to contribute to the self-recognition of active movement visually, called the "sense of agency".^[@R38]^

Friedrich ataxia (FRDA), a hereditary disease characterized by the impairment of proprioception and hence difficulty in walking, lurching gait, absence of deep tendon reflexes and others, has a role in visual loss too. FRDA results in defective visual fields, progressive loss of RGCs and causes considerable damage to the optic nerve. Loss of visual acuity, damage to the optic disk and even loss of central vision were sometimes encountered because of the ataxia.^[@R39]^ The visual evoked potentials were abnormal in most of the cases. Other symptoms included fixation instability, ocular flutter, impaired VOR and abnormal saccadic movements and smooth pursuit.^[@R40]^

The superior colliculus or optic tectum, a component of the mid-brain which plays a critical role in visual reception, is sensitive to proprioceptive inputs and manipulation of these inputs alters the visual response.^[@R32],[@R41]^

Visual perception without somatosensation {#s10}
=========================================

EOM proprioceptive cues control muscular activity of the neck muscles and head movement and thereby, participate in body orientation and visual perception.^[@R31]^

Somatosensory cues modulate visual slant perception,^[@R42]^ Hering and Wundt illusions^[@R43]^ and suppress illusory visual motions such as autokinesis,^[@R44]^ and oculogyral vision.^[@R45]^

Recently, tactile stimulation alone has been found to activate the dorsal region of the lateral occipital cortex (LOC), an important visual area for object recognition, even in cases where object recognition through visual stimulation alone was not possible.

Also, the LOC was activated by tactile input directly and therefore, tactile activation is not secondary to visual activation of LOC. This evidence suggests an important role for tactile stimuli in visualization.^[@R46]^

Our brain relies on haptic information to resolve visual mislocalizations. Somesthetic cues to the somatosensory cortex influence the visual cortex via the parietal lobe and this is important for spatial attention during vision.^[@R47]^ Somesthetic cues stimulate the middle superior temporal (MST) area^[@R48]^ in the middle temporal visual area and strongly influence perception of structure from motion.^[@R49]^ Right somatosensory-related cortices are required for visual recognition of emotion.^[@R50]--[@R52]^ Somatosensory information inhibits visually elicited avoidance behaviour and this is necessary in natural situations, such as, mating.^[@R53]^ Impaired somatosensation could affect natural behaviour, visual recognition of emotion and visual conflict may not be resolved.

Vision without somatic afferents and efferents {#s11}
==============================================

Special somatic afferents (SSA) mediates special sensations of vision from retina.^[@R41]^ Severing or subjecting the optic nerve (an SSA) to increased pressure, could lead to ipsilateral blindness, a choked optic disc and axonal degeneration. Similarly damage to the general somatic efferents (GSE) such as the trochlear nerve, the abducens nerve and the oculomotor nerve (consists of a GSE and a general visceral efferent)*,* causes a variety of visual disorders such as drooping of the upper eyelid, dilated and fixed pupil, paralysis of accommodation, inability to focus the eye, double vision, slight protrusion of the eyeball and strabismus.^[@R54]^ Also, somatosensory loss to the trigeminal nerve (general somatic afferent) injures the cornea.^[@R55]^ [Table 2](#tbl_2){ref-type="table"} gives us a gist of the somatosensory signals involved or modified during vision with their associated pathologies and physiologies.

Are MS purinergic receptors essential in the retina? {#s12}
====================================================

Purinergic receptors (P2X & P2Y) have been found in abundance in the retina. They are a family of ligand-gated ion channels responsive to ATP and a few related nucleotides. Their presence in nociceptive^[@R56]^ and mechanosensitive afferents^[@R57],[@R58]^ and hence, their involvement in somatosensation in the periphery as well as the CNS has been authenticated. Receptors P2X3, P2X7& P2X5 have been found in the rat retina alone, while P2X2 and P2X4 exist in the rat retina as well as choroids.^[@R59],[@R60]^ Also, ATP-gated channels with properties of Purinergic receptors have been found only in RGCs.^[@R61]^ These receptors have also been found in bipolar, amacrine and muller cells of the retina.^[@R62]^ Their expression in various cells of the retina is indicative of a strong role of these MS receptors in phototransduction. However, only future work will substantiate this claim.

###### A summary of the somatosensory signals involved or modified during vision with their associated pathologies and physiologies

  Type of somatosensory signal involved or modified         Tissue or organ involved or affected during vision                  Associated physiology or pathology
  --------------------------------------------------------- ------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mechanoreception at mueller cells                         eyelid                                                              Levator muscle contraction for adequate visual field maintenance
  Mechanoreception at the HTM cells                         eye                                                                 Modified signal transduction, modulated aqueous humour outflow, leads to glaucoma
  Mechanoreception                                          cornea                                                              Increased fluid content in the cornea, causing reduction in visual acuity
  Mechanoreception                                          iris                                                                Loss of blood supply to the iris
  Mechanoreception                                          Eye lens                                                            Opacity
  Afferent                                                  Sclera, anterior                                                    ?
  Mechanoreception                                          uvea                                                                 
  Mechanical cues at lamina cribosa                         Retinal ganglion cells ( RGCs)                                      Deprivation of support to RGCs, axonal transport affected, followed by RGC cell death
  mechanical stress on myofibroblasts                       Sclera                                                              Alters expression of genes. Results in axial myopia
  Mechanical cues (ECM elasticity)                          Retina                                                              Change in capillary cell shape and function, formation of new blood vessels in retina
  Thermosensation                                           Cornea, limbus                                                      Detection of external temperature variations
  Thermosensation (cold-sensory fibres)                     Posterior segment, perilimbal episclera                             Maintenance of regional temperature, blood flow and hence, retinal integrity.
  Nociception (Mechano-nociceptors)                         Cornea, episclera, iris, sclera, ciliary body, bulbar conjunctiva   Protection from injury
  Nociception (Polymodal nociceptors)                       Cornea, episclera, iris, sclera, ciliary body, bulbar conjunctiva   Pain sustenance
  Nociception (Cold-nociceptors)                            Cornea, episclera, iris, sclera, ciliary body, bulbar conjunctiva   Cooling sensations
  Nociception (Silent nociceptors)                          Cornea                                                              Response to inflammation, chemicals
  Proprioception (Palisade nerve endings in IMCs of EOMs)   Optic tectum, sclera, eye ( in general)                             Visual and spatial localization, oculomotor control, normal eye position and movements, stable fixation, binocular vision, visual clarity, agency, visual response
  Somatosensory proprioceptive cues                         Visual processing regions in brain                                  Modulating Perception and suppressing illusory visual motions
  Tactile stimuli                                           Lateral occipital cortex                                            Object recognition during Visualization
  Haptic signals                                            Parietal lobe, visual cortex, MST                                   Spatial attention during vision, perception of structure from motion, resolving visual conflict
  Right somatosensory related cortices                      Visual processing regions in brain                                  Visual recognition of emotion
  Somatic afferents and efferents                           Cranial nerves involved in vision                                   Blindness, axonal damage, accommodation and focus problems, corneal damage, strabismus, eyeball

Photoreception with altered/absent mechanotransduction {#s13}
======================================================

The vertebrate photoreceptors involve the formation of a molecular complex and light-induced protein translocation evident in the signalplex of the Drosophila phototranduction pathway. We also know that the actomyosin cytoskeleton interacts with the Drosophila TRP channels and provides mechanical signals mandatory for phototransduction. It is possible that similar channels exist in the vertebrate phototransduction pathway too.

The photoreceptors of each human eye synthesizes *de novo* some 10 billion opsin molecules per second. It is critical for phototransduction that the opsin molecules synthesized in the inner segment be transported to the outer segment. This is mediated by myosin VIIa, an actin-based mechanoenzyme found in the cilium of vertebrate photoreceptors.^[@R34],[@R63]^ Myosin VIIa, similar to the myosin III in drosophila eye, possibly forms a complex with other proteins and their interactions provide mechanical signals necessary for the translocation of opsin to the OS^[@R34],[@R63]^ thereby, playing a crucial role in phototransduction in humans. Hence, the alteration or absence of these mechanical cues during mutation in myosin VIIa, could causes blindness, as in the case of Usher's syndrome.^[@R64]^

The fact that mutations in myosin VIIA also cause deafness in Usher's syndrome (a deafness-blindness disease) due to defective mechanotransduction,^[@R65]^ suggests a possibility that myosin VIIa mediates a mechanotransduction pathway in photoreceptors too, and blindness is caused when mutation in myosin VIIa disturbs the mechanotransduction pathway, thereby reflecting a possible role for mechanotransduction in photoreception.

Myosin VIIa has also been found in cilia present in the eyes. Cilia are organelles consisting of a microtubule-based axonemal structure that emerge from the basal bodies and are found on cell surfaces in almost all mammalian cells. They may be motile, nodal or non-motile (primary cilia). It is a well-known fact that primary or non-motile cilia generally function as mechanosensors or chemosensors (nociceptors) or both,^[@R66]^ reflecting their somatosensory nature. It has been found that the outer segments (OS) of the photoreceptors are modifications of these primary cilia. The cilia also connect the OS segment to the inner segment and function in retinal photoreception, suggesting another mechanosensory function in vision.^[@R67]^ Further research on these organelles could help us accentuate on their importance in vision. [Table 3](#tbl_3){ref-type="table"} gives us a list of various somatosensory elements, proteins and molecules which would affect/probably affect vision.

Future perspectives and conclusions {#s14}
===================================

It is common knowledge that mechanosensory interommatidial bristles (presence of Nomp C mechanoreceptors)^[@R68]^ exist in the compound eye of the drosophila^[@R69]^ and their high density perfectly matches the number of facets at the centre of the eye. However, the reasons for their presence in the eye in spite of the presence of photoreceptors and their role in vision, if at all any, are yet to be found. The neurons of these bristles include thermoreceptive TRP channels encoded by the pyrexia gene, suggesting another somatosensory role in vision.^[@R18]^ Also, the photoresponse mechanism is similar to that in mammalian intrinsically photosensitive retinal ganglionic cells.^[@R70]^ Further research needs to be carried out to know if presence of mechanosensory organs (such as, the bristles in the drosophila eye) can be extended to human eyes too.

###### A summary of the various somatosensory elements, proteins and molecules which would affect/probably affect vision

  Other molecules/elements present/probably present in the eyes with a direct or indirect somatosensory role                                                  Associated physiology
  ----------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------
  Mechanical signals (from actomyosin cytoskeleton)                                                                                                           TRP channel gating and movement during phototransduction. (in Drosophila eye)
  Plasma-membrane bound enzymes (phospholipase A2 & C)                                                                                                        Increase their activity causing more phosphorylation and help mediate mechanotransduction
  Cytoskeletal complex                                                                                                                                        Delayed channel activation following stimulus, Modulation of MS channel activity.
  Tethers, Mechanical cues (From cell-cell interations), viscoelasticity of actin                                                                             Gating of ion channels
  Mechnical signals from Focal adhesion proteins-(Focal Adhesion Kinase, paxilin, and the adaptor protein p130Cas), cadherin, integrins, myosin VIIa, NINAC   Mechanotransduction, Activation of intracellular signaling pathways
  Lipid bilayer physical changes, membrane stretch                                                                                                            Generation of mechanical cues for mechanotransduction
  Fatty metabolites, Ca2+(second messenger), ATP, membrane kinases), prostaglandins, alpha B crystallin                                                       Mediating mechanotransduction pathway in phototransduction?
  Fatty acids, trinitrophenol, lysolecithin,                                                                                                                  Plasma membrane crenation enhancing SAC activity
  Chlorpromazine, tetracaine                                                                                                                                  Cup-fomration in membrane inhibiting SAC activity
  Gadolinium, amiloride, barium                                                                                                                               Block TRAAK
  Stomatin-related protein (SLP-3)                                                                                                                            Bind to ASICs 2 & 3 to mediate mechanotransduction
  Mechanical signals (from actomyosin cytoskeleton)                                                                                                           TRP channel gating and movement during phototransduction. (in Drosophila eye)
  Plasma-membrane bound enzymes ( phospholipase A2 & C)                                                                                                       Increase their activity causing more phosphorylation and help mediate mechanotransduction
  Cytoskeletal complex                                                                                                                                        Delayed channel activation following stimulus, Modulation of MS channel activity.
  Tethers, Mechanical cues (From cell-cell interations), viscoelasticity of actin                                                                             Gating of ion channels
  Mechnical signals from Focal adhesion proteins-(Focal Adhesion Kinase, paxilin, and the adaptor protein p130Cas), cadherin, integrins, myosin VIIa, NINAC   Mechanotransduction, Activation of intracellular signaling pathways
  Lipid bilayer physical changes, membrane stretch                                                                                                            Generation of mechanical cues for mechanotransduction
  Fatty metabolites, Ca2+(second messenger), ATP, membrane kinases), prostaglandins, alpha B crystallin                                                       Mediating mechanotransduction pathway in phototransduction?
  Fatty acids, trinitrophenol, lysolecithin,                                                                                                                  Plasma membrane crenation enhancing SAC activity
  Chlorpromazine, tetracaine                                                                                                                                  Cup-fomration in membrane inhibiting SAC activity
  Gadolinium, amiloride, barium                                                                                                                               Block TRAAK
  Stomatin-related protein (SLP-3)                                                                                                                            Bind to ASICs 2 & 3 to mediate mechanotransduction

Photoreceptors themselves are believed to receive directional inputs from mechanosensors, as in the case of the crayfish caudal photoreceptors (CPRs), which are primary photoreceptors in the crayfish Central nervous system (CNS).^[@R71]^ Is it possible that even human photoreceptors require somatosensory inputs?

All cells across the evolutionary spectrum, from the primitive to the most complex, need to be somatosensitive for survival. Cellular homeostasis needs osmosensation, mechanosensation, thermosensation, and chemosensation. Though photoreceptor is an epitome of a complex sensor, it must first fulfil the basic sensory demands for homeostasis. Somatosensation at the cellular level is essential to developmental pathways and to normal tissue homeostasis, in our case ocular tissues, primarily in the maintenance of tissues in which cellular adaptive responses are crucial to counteract substantial variations from normal conditions. At the tissue level, somatosensory cues are generated by cell-cell and cell matrix interactions mediated by focal adhesion kinases, integrins and other mechanoproteins. It is possible that all the molecular events in the eye and in the visual system, in general, rely on somatosensory cues or pathways for their function.

Vision, which is possible only at the systemic level, needs to adapt to the constant demands of the changing physical environment to maintain homeostasis. However, somatosensation exists even at the lower levels of hierarchy (cellular and molecular levels) in a living system and hence, it is plausible that somatosensation is fundamental to the existence of vision and probably, other senses too.

Although the recent discovery of many somatosensory molecules, enzymes, and proteins involved in vision tempts us to conclude that vision cannot exist without somatosensation, further research needs to be carried out to fetch more concrete evidences to support our hypothesis and shed light on somatosensory involvement in the functioning of other senses too.

Subjecting any cell to mechanical, thermal, chemical, and electrical forces stimuli (both internal and external) activates its somatosensory receptors, which translate the stimuli into biosignals, which in turn initiate a plethora of physiological responses, necessary for our survival. Probably, not only vision, life itself would cease to exist without somatosensation.
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